Abstract. As a co-receptor for vascular endothelial growth factor-3 (VEGF-3), neuropilin receptor type-2 (NRP-2) plays a central role in lymphangiogenesis and angiogenesis. Recently, mounting data of evidence show that NRP-2 is overexpressed in several human cancers, and its overexpression is often associated with poor prognosis. Therefore, it is necessary for us to develop an affinity reagent for noninvasive imaging of NRP-2 expression because it may be possible to provide early cancer diagnosis, more accurate prognosis, and better treatment planning. Due to their high affinity, and specificity, monoclonal antibodies (mAbs) have been considered attractive candidates for targeted cancer therapy and diagnostics. We recently generated and validated a monoclonal antibody that specifically binds NRP-2 b1b2 domain with no cross-reactivity to NRP-1 b1b2 domain, also known to be overexpressed in a variety of cancers. Here, we developed a single photon emission computed tomography (SPECT) probe for imaging NRP-2-positive tumors. Anti-NRP-2 monoclonal antibodies were prepared by hybridomas and were labeled with iodine-131 by chloramine-T method. The in vitro physicochemical properties of 131 I-anti-NRP-2 mAb was determined. Binding affinity and specificity of 131 I-anti-NRP-2 mAb to NRP-2 were assessed using human lung adenocarcinoma A549 cells. Biodistribution and SPECT studies were performed in mice bearing A549 tumor xenografts to evaluate the in vivo performance of 131 I-anti-NRP-2 mAb. The preparation of anti-NRP-2 mAb was completed successfully by hybridoma with high purity (>95%) and specific for NRP-2 b1b2 domain, but not NRP-1 b1b2 domain. The radiosynthesis of 131 I-anti-NRP-2 mAb was completed successfully within 60 min with high labelling efficiency (94.69±3.63%), and radiochemical purity (98.56±0.48%). The resulting probe, 131 I-anti-NRP-2 mAb displayed excellent stability in PBS solution during 24-72 h.
Introduction
Neuropilin (NRP), first identified by Takagi et al in 1987 (1) , is a 130-140 kDa multifunctional single-spanning transmembrane glycoprotein that plays a central role in neuronal and blood vessel development as receptors for members of the class-3 semaphorin family (SEMAs) of axonal guidance modulators, and also for members of the vascular endothelial growth factor (VEGF) family of angiogenesis stimulators (2) (3) (4) . Two neuropilin genes, neuropilin-1 (NRP-1) and NRP-2, have been identified. NRP-1 is predominantly expressed in arterial endothelial cells, whereas NRP-2 is preferentially expressed in vein and lymphatic endothelial cells (5) . Both NRP-1 and NRP-2 have ~44% amino acid sequence identity and share a similar domain structure, which contains a large extracellular region and a short cytoplasmic tail of ~40 amino acids, lacking any enzymatic activity (3) . Their extracellular regions contain three domains: the a1a2 domain is involved in SEMA3-binding, the b1b2 domain is involved in both SEMA3-and VEGF-binding, and the c domain is involved in dimerization (6, 7) . The binding site for VEGF ligands has been localized to the b1b2 domains of NRP-1 and NRP-2, whereas the binding of semaphorins requires both the a1a2 and b1b2 repeats (8) . NRP-1 and NRP-2 interact selectively with different members of the VEGF and semaphorin families and have non-overlapping expression patterns (8) . NRP-1 binds VEGF-A165, VEGF-B, VEGF-E, SEMA3A, SEMA3B and SEMA3C, whereas NRP-2 binds VEGF-A165, VEGF-A145, VEGF-C, VEGF-D, SEMA3B, SEMA3C and SEMA3F (4, 8) . however, VEGF-A165 binds 50-fold more strongly to NRP-1 than NRP-2 (9). NRP-1 was found to interact with VEGF-A165, and to act as a VEGF co-receptor that specifically enhances VEGFR-2 signaling to promote VEGF biological activity, including endothelial cell migration, sprouting and angiogenesis (6, 7) . Nevertheless, NRP-2 has different binding preferences for VEGF family members, and is a co-receptor for VEGFR-3 that is involved in lymphatic endothelial cell function (10) . Knockout of the NRP-2 gene results in abnormal lymphatic development (11) , including an abnormal patterning and marked reduction in small lymphatic vessel and capillaries, supporting a role for NRP-2 in VEGF-C mediated VEGFR-3 signaling and developmental lymphangiogenesis. Previous studies demonstrated that NRP-1 is expressed on several types of human tumor cells and its expression has been correlated with tumor progression and/or poorer prognosis (3, 6, 12) . Mounting data of evidence suggest that NRP-2 not only plays a central role in lymphangiogenesis, but also in angiogenesis due to a co-receptor for members of VEGF family (13, 14) . Furthermore, NRP-2 is found to be overexpressed in a variety of human cancers and its upregulation is associated with tumor grade, progression and metastasis, such as lung cancer (15) , renal carcinoma (16), pancreatic cancer (17) , bladder cancer (18) and colorectal carcinoma (19) . Interestingly, the overexpression of NRP-2 is positively correlated with tumor therapy resistance, poor prognosis, and short survival (20, 21) . Therapeutically targeting NRP-2 expressed in tumor cells using a blocking antibody inhibited the tumor growth and prevented the tumor metastases by blocking the formation of tumor angiogenesis and lymphangiogenesis (19, 22) . Therefore, NRP-2 has great value as a molecular target for therapeutic intervention, a prognostic indicator of patient survival, and a predictive marker of the response to antineoplastic therapy. Accordingly, NRP-2 inhibition using monoclonal antibodies is considered as a promising strategy for cancer therapy.
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I-labeled monoclonal antibody targeting neuropilin receptor type-2 for tumor SPECT imaging
In vivo imaging of tumor-receptor offers a more accurate and real-time assay of receptor expression both for patient stratification and monitoring expression-level changes in response to therapy, without such biopsy-associated pitfalls and the need of repetitive invasive biopsies (23) . Our previous studies showed that a novel monoclonal antibody against NRP-2 b1b2 domain (anti-NRP-2 mAb), generated by our laboratory (24) , can inhibit tumor proliferation, growth, and migration, such as bladder and colorectal cancer (unpublished data), suggesting that anti-NRP-2 mAb may be effective agents for NRP-2-targeted imaging and therapy. Anti-NRP-2 mAb specifically binds to NRP-2 b1b2 domain, but not NRP-1 b1b2 domain, consistent with a previous study (22) . Therefore, anti-NRP-2 mAb may be valuable to specifically exploit NRP-2 expression, eliminating any possible undesirable effects mediated by NRP-2. In the present study, we aimed to perform the chloramine-T strategy to label the anti-NRP-2 monoclonal antibody (anti-NRP-2 mAb) with iodine-131, and further determine whether the resulting SPECT (single-photon emission computed tomography) probe 131 I-anti-NRP-2 mAb is a suitable agent for imaging mice bearing NRP-2 expression tumors with human lung adenocarcinoma A549 cells. Cell culture. Two human non-small cell lung carcinoma cell lines (A549, H1299) and a human normal bronchial epithelial cell line 16hBE were cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% FBS (Gemini, Woodland, CA, USA) and 1% penicillin-streptomycin (Gibco). The cells were maintained in a humidified atmosphere of 5% Co 2 at 37˚C, with the medium changed every two days. A 70-80% confluent monolayer was detached by 0.1% trypsin and dissociated into a single cell suspension for further cell culture.
Materials and methods
General
Quantitative real-time PCR (qRT-PCR).
The expression of NRP-2 mRNA in A549, H1299 and 16HBE cell lines is determined by the qRT-PCR based on the method described earlier (12, 25) . In short, total RNA was isolated with TRIzol reagent (Invitrogen Life Technologies Inc., Grand Island, NY, USA) according to the manufacturer's instructions. The cDNA was synthesized from 2 µg of total RNA using MMLV transcriptase (Toyobo, Shanghai, China) with random hexamers. qRT-PCR were performed using SYBR Premix Ex Taq (Takara, Dalian, China). The human β-actin gene was used as the endogenous control. All cDNA samples were normalized to the β-actin endogenous control; 2 -ΔΔCT method was used to calculate the relative quantification of NRP-1 mRNA expression. Primers used for real-time PCR are listed in Table I . All qRT-PCRs were performed in duplicate.
Western blot analysis. According to the previously described methods (24) , the expression of NRP-2 protein in A549, H1299 and 16HBE cell lines was determined by western blot analysis. Briefly, A549, h1299 and 16hBE cells were lysed in 1 ml RIPA solution (containing 1% Triton x-100, 1% deoxycholate, and 0.1% SDS; Beyotime Biotechnology, haimen, China) supplemented with a protease inhibitor (PMSF; Sangon, Shanghai, China) for 30 min at 4˚C, then centrifuged at 12,000 rpm for 30 min at 4˚C to obtain the total cell extracts. Fifteen milliliters of cell extracts was subjected to SDS-PAGE and transferred onto a PDVF membranes by Mini-PRoTEAN (Bio-Rad, Hercules, CA, USA). The PDVF membranes were blocked with TBST (10 mM ph 7.4 Tris-hCl, 150 mM NaCl, and 0.1% Tween-20) containing 5% skim milk for 2 h at 37˚C, and incubated overnight at 4˚C with anti-NRP-2 mAb (diluted 1:100). After washed with TBST three times, the membranes were again incubated with goat anti-mouse IgG labeled peroxidase (diluted 1:5,000) for 1 h at 37˚C. Proteins of interest were visualized with ECL in Kodak Image Station 4000R (Carestream Health, Rochester, NY, USA). β-actin was used as an internal control. All experiments were performed in duplicate.
Cellular immunofluorescence staining. Cellular immunof luorescence staining was performed as previously described (12, 24) . Briefly, the cell-seeded coverslips were washed and fixed. The anti-NRP-2 mAb (diluted 1:100) and fluorescence (TRITC)-labeled secondary antibody (diluted 1:50; Gibco) were added restained with hoechst 33258 (Beyotime Biotechnology, Jiangsu, China). The slides with cells were incubated without the anti-NRP-2 mAb as control. The fluorescence images were captured at excitation laser of 360 nm and emission laser of 460 nm for Hoechst 33258, and at excitation laser of 488 nm and emission laser of 530 nm for FITC by using Olympus FV 1000 Inverted Confocal Fluorescence Microscope (olympus, Columbia, SC, USA). All experiments were performed in duplicate.
Immunohistochemical staining (IHC).
The expression of NRP-2 in A549 tumor tissues and normal lung tissues was examined by IHC as described previously (12) . In brief, the tissue chips were dewaxed and hydrated. Endogenous peroxidase was inactivated with 0.3% H 2 O 2 for 10 min. The sections were microwaved for antigen retrieval in 0.01 M citrate buffer (pH 6.0) for 20 min and were incubated with a primary anti-NRP-2 mAb (diluted 1:100) overnight at 4˚C. Subsequently, the sections were incubated with a biotinylated goat anti-rabbit secondary antibody for 30 min at room temperature. Then applying the following steps: color-developing, redyeing, dehydration, making transparent and sealing. The findings of immunostaining were visualized with a Motic AE2000 inverted microscope [Motic (Xiamen) Medical Diagnostic Systems Co., Ltd., Xiamen, Fujian, China].
Production and purification of anti-NRP-2 mAb. Anti-NRP-2 mAb was produced by hybridomas derived from mice immunized with a recombinant human NRP-2 b1b2 in our laboratory according to a method described earlier (24) . Briefly, Six-week-old Balb/c mice were injected with hybridoma cells (2x10 5 -10 6 ). After 7-10 days, ascites (5-10 ml/mouse) with anti-NRP-2 mAb were collected and centrifuged at 10,000 x g for 15 min to acquire the supernatant. The supernatant was purified by rProtein A sepharose column chromatography according to the manufacturer's protocol to obtain purified anti-NRP-2 mAb. To assess the purity, the purified NRP-2 mAb was subjected to sodium salt-polyacrylamide gel electrophoresis (SDS-PAGE) and was analyzed by quantity One software (Bio-Rad). The animal procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee of Zhongshan hospital Xiamen University.
Analyses for anti-NRP-2-specific antibody and its titer.
Indirect ELISA was performed to test anti-NRP-2-specific antibody and its titer according to previously described methods (22, 24, 26) . Briefly, 96-well plates were coated with 10 µg/ml of NRP-2 b1b2 in carbonate buffer (ph 9.6) and incubated overnight at 4˚C. Non-specific binding was blocked with 5% non-fat dry milk in PBS (ph 7.5) for 2 h at 37˚C followed by washing three times with washing buffer (0.05% Tween-20 in PBS). Then the plates were incubated with supernatant of hybridoma cells (ascites) or anti-NRP-2 mAb or anti-NRP-1 mAb (A6-11-26) or antiserum IgG of mice for 2 h at 37˚C, respectively. After washing, the plates were incubated with goat anti-mouse IgG-hRP conjugate for 1 h at 37˚C. Finally, the plates were washed as before and O-phenylenediamine (OPD) was added to develop color. The optical density (OD) was determined at 450 nm by a microplate ELISA reader (Bio-Rad, Tokyo, Japan) after the reaction was stopped with 2 M h 2 SO 4 . Data were analyzed and graphed with OriginPro 8.1 software (originLab, Northampton, MA, USA). All experiments were performed in duplicate.
Labeling anti-NRP-2 mAb with iodine-131. Anti-NRP-2 mAb was labeled with Na 131 I by the chloramine-T method according to a previous study (27) . Briefly, in a 1-ml vial, 100 µg anti-NRP-2 mAb was dissolved in 100 µl 0.01 M phosphate-buffered saline (PBS, pH 7.4), followed by the addition of Na 131 I (5.5 MBq 25 µl). Then 50 µl chloramine-T (1 mg/ml), freshly prepared in water, was added. The reaction mixture was allowed to stand for 3 min at room temperature. Then reaction was terminated by adding 50 µl of Na 2 S 2 O 5 (2 mg/ml, freshly prepared in water). Radiolabeled antibodies were then purified by size-exclusion chromatography using a PD-10 Sephadex G-25 column. For routine quality control of labeling, the labeling effi ciency and radiochemical purity of radiolabeled anti-NRP-2 mAb probes were calculated with TLC method (polyamide film/saline). In vitro stability analysis. In vitro stability in PBS was determined with TLC method (polyamide film/saline) as described with minor modifications (26) . Briefly, 131 I-anti-NRP-2 mAb (3.11 MBq, 100 µl) was added to 2.0 ml 0.01 M PBS (ph 7.4) and was incubated at 37˚C for 6, 24, 48 and 72 h. At each time-point, 2 µl of the mixture was placed 2 cm above the lower edge and was allowed to evaporate spontaneously, one strip was developed with the mixture developed with saline. After complete development, the paper sheet was removed, dried, and counted in radioactive chromatography scanner. All experiments were performed in duplicate.
Cell assays. Cell uptake and binding affinity assay were performed as previously described with minor modifications (28) (29) (30) . Briefly, the A549 cells lines were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. The cells were maintained in a humidified atmosphere of 5% Co 2 at 37˚C, with the medium changed every two days. A 70-80% confluent monolayer was detached by 0.1% trypsin and dissociated into a single cell suspension for further cell culture.
Cell uptake assays. The A549 cells were washed three times with 0.01 M PBS (ph 7.4) and dissociated with 0.25% trypsin-EDTA. DMEM medium was then added to neutralize trypsin-EDTA. Cells were spun down and re-suspended with serum free DMEM. Cells (0.5x10 6 ) were incubated at 37˚C for 0.5-4 h with 1.11x10 -2 MBq 100 µl 131 I-anti-NRP-2 mAb in 0.5 ml serum-free DMEM medium. The non-specific binding of the probes with A549 cells was determined by co-incubation with 10.0 µg unlabeled anti-NRP-2 mAb. At each time-point, the cells were washed three times with chilled PBS and spun down at a speed of 7,000-8,000 rpm. The cell pellets at the bottom of the tube were spliced, and the radioactivity of the pellets was measured using a gamma counter. The uptake (counts/min) was normalized to the percentage of binding for analysis using Excel (Microsoft Software Inc., Redmond, WA, USA). All experiments were performed in duplicate.
Binding affinity assay. The A549 cells (0.5x10 6 ) were plated on 6-well plates one day before the experiment. Cells were washed with PBS three times and incubated at 37˚C for 3 h with 1.11x10 -2 MBq 100 µl 131 I-anti-NRP-2 mAb in 0.5 ml serum-free DMEM medium. Non-specific binding of the probes with A549 cells was determined by co-incubation with unlabeled anti-NRP-2 mAb (0.01-10,000 nM final concentration). After incubation, the cells were washed with cold PBS three times and detached with 1 M 0.5 ml Naoh for 5 min. The radioactivity in the cells was measured using a gamma counter and were corrected for physical decay. The data were analyzed using GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA), and the half maximal inhibitory concentration (IC 50 value) of 131 I-anti-NRP-2 mAb was measured using a least squares fitting routine. All experiments were performed in duplicate.
Biodistribution study. The animal procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee of Zhongshan hospital Xiamen University. Cultured A549 cells (~5x10 6 ) suspended in PBS were implanted subcutaneously in the right hind limbs of nude mice. Tumors were allowed to grow to around 0.8-1.0 cm in diameter (7-10 days) and then the tumor-bearing mice were subject to in vivo biodistribution and imaging studies.
For biodistribution studies, A549 tumor-bearing mice (n= 4 for each group) were injected with 131 I-anti-NRP-2 mAb (0.37 MBq, 200 µl) through the tail vein. At 6, 24, 48 and 72 h after injection, the mice were sacrificed, and tumors and normal tissues of interest were removed and weighed, and their radioactivity was measured in a gamma counter. The radioactivity uptake in the tumor and normal tissues was expressed as a percentage of the injected radioactivity per gram of tissue (%ID/g). In order to study the in vivo NRP-2 targeting specificity of 131 I-anti-NRP-2 mAb, based on the previous studies (44,49), unlabeled anti-NRP-2 mAb (100 µg) was co-injected with 131 I-anti-NRP-2 mAb in nude mice bearing A549 tumors (n=4 for each group) via a tail vein, and biodistribution studies were conducted at 48 h after injection.
SPECT imaging. SPECT imaging of tumor-bearing mice was performed on a single-head SPECT scanner with a pinhole collimator. The mice bearing A549 tumor (n=4 for each group) were injected with 131 I-anti-NRP-2 mAb (3.7 MBq, 200 µl) with or without co-injection of unlabeled anti-NRP-2 mAb (100 µg) through the tail vein. At 6, 24, 48 and 72 h after injection, the mice were anesthetized with 2% isoflurane and placed on SPECT bed (ventral side down). Whole body static images (200,000 counts) were acquired with a matric of 218x218, and zoom of 2.0. Regions of interest (ROIs) were drawn over the tumor and contralateral muscle, and then the ratio of tumor to contralateral muscle (T/NT) were calculated.
Statistical methods. The experimental data were analyzed by SPSS 18.0 (SPSS Co., Chicago, IL, USA). Statistical analysis was performed using two tailed Student's t-test for unpaired data. Data are expressed as mean ± standard deviation and P<0.05 was considered to indicate a statisti cally significant difference. Fig. 1A , qRT-PCR results indicated that the expression of NRP-2 mRNA in A549 cells was significantly higher than that in H1299 and 16HBE cells (P<0.01). Consistent with qRT-PCR. Western blot analysis (Fig. 2B) demonstrated that A549 cells exhibited higher levels of NRP-2 protein expression (P<0.05). Interesting, the expression of NRP-2 in H1299 cells was significantly lower than that in 16hBE cells (P<0.05). IHC (Fig. 2) also showed that the expression of NRP-2 is markedly increased in tumor tissue bearing A549, compared to normal mouse lung tissues. Immunofluorescence analysis showed (Fig. 3 ) that anti-NRP-2 mAb could bind well with NRP-2 receptor on the surface of the A549 cells.
Results
Expression of NRP-1 in A549 cell lines and tumor tissue. As shown in
Based on the results we concluded that NRP-2 was overexpressed in the human lung adenocarcinoma A549 cells.
Characterization of anti-NRP-2 mAb.
Our previous western blot results showed that anti-NRP-2 mAb was specifically combined with both NRP-2 b1b2 recombinant protein and whole NPR-2 (24). To identify the purity of the current anti-NRP-2 mAb obtained from ascites, the purified anti-NRP-2 mAb was resolved by an 8% SDS-PAGE gel (Fig. 4) . The purity of anti-NRP-2 mAb was determined to be >95%, as detected by Gray analysis of quantity One 1D-analysis software (GE healthcare), at a concentration of 2.0 mg/ml. Moreover, the results showed that anti-NRP-2 mAb was IgG1 isotype.
The purified anti-NRP-2 mAb was diluted to measure the titers and specificity against NRP-2 b1b2 by indirect ELISA. As shown in Fig. 5 , the purified anti-NRP-2 mAb can bind to synthetic immunogenic peptides with a titer of 2.28x10 5 , and specifically binds to NRP-2 b1b2 domain, but not NRP-1 b1b2 domain.
Radioiodination of anti-NRP-2 mAb.
131 I-anti-NRP-2 mAb was successfully radioiodinated. The radiolabeling efficiency, radiochemical purity and specific activity of 131 I-A6-11-26 was 94.69±3.63, 98.56 ±0.48 and 162.35±19.6 MBq/µg, respectively. In vitro stability analysis. In vitro stability studies (Fig. 6) showed that >85% of 131 I-anti-NRP-2 mAb remained intact during 6-72 h of incubation in PBS, indicating that Biodistribution study. At 6, 24, 48 and 72 h after administration, the biodistribution profiles of 131 I-anti-NRP-2 mAb are presented in Fig. 8 and Table II,   131 I-anti-NRP-2 mAb exhibited high levels of radioactivity accumulation in A549 tumors. At 24 h, the tumor uptake was 5.86±0.27 %ID/g, higher than that in the other organs except for liver (6.22±1.53 %ID/g) and blood (10.93±0.25% ID/g). Moreover, at 72 h, 131 I-anti-NRP-2 mAb in the tumor still remained at high level (4.64±0.82% ID/g), significantly higher than that in the other organs including the liver and blood. Lower levels of radioactivity were observed in muscle and bone (1.21±0.16 and 1.18±0.51% ID/g, respectively). The thyroid uptake increased slightly from 0.70±0.05 to 1.33± 0.97% ID/g during 6-72 h post-injection. Furthermore, 131 I-anti-NRP-2 mAb provided significantly higher tumor to contralateral muscle ratio (T/NT) and lower tumor-to-blood and tumor to liver ratios (Fig. 9A) . At 6 h, the ratio of tumor to contralateral muscle ratio (T/NT=2.08±0.33) was the highest among the tumor to blood (T/B=0.54±0.03), tumor to liver (T/ L=0.97±0.22), tumor to kidney (T/K=1.46±0.15), and tumor to lung (T/L=1.37±0.31). Moreover, during 24-72 h, the T/NT ratio increased gradually over time.
For in vivo blocking study (Table II) , 131 I-anti-NRP-2 mAb was coinjected with a large excess (100 µg) of the unlabeled anti-NRP-2 mAb to saturate endogenous and overexpressed NRP-2. The co-injection of anti-NRP-2 mAb reduced the uptake in several tissues including liver, kidneys, lung, heart and tumor.
SPECT imaging. SPECT images acquired at 6, 24, 48 and 72 h after injection of 131 I-anti-NRP-2 mAb are shown in Fig. 10A . 131 I-anti-NRP-2 mAb accumulated in the A549 tumor at 6 h and then showed a gradual increase of uptake. During 24-72 h after injection, A549 tumors were clearly visible, with good tumor to background contrast. When co-injected with unlabeled anti-NRP-2 mAb (100 µg), the tumor was barely visible on SPECT images at 6-72 h after injection (Fig. 10B) . Regions of interest (ROIs) analysis of SPECT showed lower ratio of tumor to contralateral muscle (T/NT) for mice injected with 100 µg blocking dose compared to unblocking dose at 6-72 h post-injection (Fig. 9B) , especially, at 48 and 72 h after injection (P<0.05).
Discussion
Neuropilin-2 (NRP-2), originally recognized by Chen et al (31) in 1997, is a receptor for the secreted semaphorin Sema IV and acts selectively to mediate repulsive guidance events in Table II. Comparison of biodistribution for 131 I-anti-NRP-2 mAb in A549 xenogratfs between 0 µg (unblock) and 100 µg (block). discrete populations of neurons. Subsequently, NRP-2 was found to be expressed in venous and lymphatic endothelial cells and, upon ligand stimulation (such as semaphorin 3F, VEGF-C and VEGF-A), induces neural development and the growth of newly formed blood and lymphatic vessels, and increases survival and migration of vascular and lymphatic endothelial cells (12,14) . Interestingly, NRP-2 is also expressed in several human tumor cells and tissues, and is involved in tumor progression and metastasis (15) (16) (17) (18) (19) . Recent evidence suggests that NRP-2 is important for therapy resistance by activating autophagy in different cancer types, including bladder cancer (21) , prostate cancer (32) and pancreatic cancer (17) , indicating that NRP-2 expression is a predictive marker for the outcome of cancer patients. Furthermore, inhibition of NRP-2 expression thus appears to be a promising approach for cancer therapy. Several NRP-2 targeting strategies, such as small interfering RNA (siRNA) (19) , monoclonal antibodies (22) and small-molecule peptides (33) , have shown some advantages, including inhibition of tumor lymphangiogenesis and angiogenesis, thereby restricting tumor metastasis and progression. Patients with cancer lesions that express NRP-2 may benefit from NRP-2 targeted therapy. Clinical trials have shown that there is an urgent unmet clinical need for the development of predictive biomarkers permitting patient selection for such therapy. Non-invasive molecular imaging, including SPECT imaging, is an ideal method, since it can offer a more accurate and real-time assay of NRP-2 expression, without such biopsy-associated pitfalls and the need of repetitive invasive biopsies. Therefore, to develop an imaging agent for NRP-2 expression is significantly important since our goal is to ultimately apply antibody-based SPECT probes for imaging patients. The present study investigated the expression of NRP-2 in the human lung cancer cells. Consistent with previous studies (15, 34) , it was found that human lung adenocarcinoma A549 cells and tumor xenografts of A549 cells exhibited higher levels of NRP-2 expression than normal lung tissue. Nasarre et al (15) reported that in lung cancer cells, NRP-2 is upregulated and contributes significantly to TGF-β-mediated epithelial-mesenchymal transition (EMT), which is fundamental process involved in tumor cell invasion and metastasis. In addition, in agreement with the report by Tomizawa et al (35) , NRP-2 expression in H1299 cells is lower than that in 16HBE cells (human normal bronchial epithelial cells) since H1299 cells, derived from a lymph node metastasis of the lung from a patient who had received prior radiation therapy, have a homozygous partial deletion of the p53 gene, and lack expression of p53 protein, but can produce neuromedin B. These results demonstrated that NRP-2 may be a novel molecular target for lung adenocarcinoma diagnosis and therapy. Due to their highly specific targeting ability, monoclonal antibodies (mAbs) have been considered attractive candidates for targeted therapy and diagnostics in a broad range of medical indications, but especially in oncology (36) . Our previous studies showed that a novel anti-NRP-2 mAb, developed by our laboratory, can inhibit tumor proliferation, growth, and migration (unpublished data), indicating that anti-NRP-2 mAb may be an effective agent for NRP-2-targeted imaging and therapy. To further study anti-NRP-2 mAb imaging performance in targeting NRP-2, herein, we re-generated anti-NRP-2 mAb by hybridoma. This anti-NRP-2 mAb is confirmed to specifically bind to NRP-2 b1b2 domain and NRP-2 receptor on the surface of the A549 cells, but not NRP-1 b1b2 domain (Figs. 2, 3 and 5B), consistent with previous studies (22) . SDS-PAGE (Fig. 4) indicated the successful production and purification (>95%) of anti-NRP-2 mAb sufficient for in vitro and in vivo cancer research.
Anti-NRP-2 mAb was labeled with 131 I by the chloramine-T method, and then measured the binding specificity and affinity to NRP-2. The probe 131 I-anti-NRP-2 mAb showed high binding affinity to the A549 cell NRP-2 with an IC 50 of 96.6±1.44 nM (Fig. 7B ), in agreement with the study by Parker and Vander Kooi (33) . In vitro cell uptake experiments showed that 131 I-anti-NRP-2 had rapid accumulation in the A549 cells, and reached the highest value of 6.60±0.36% of applied activity at 180 min (Fig. 7A ). This accumulation is NRP-2 specific receptor binding since the rapid cellular uptake of the tracer could be effectively blocked by cold anti-NRP-2 mAb (Fig. 7A) , suggesting that labeling has not influenced the ability of anti-NRP-2 mAb to bind specifically to NRP-2. These results warranted further evaluation of the probe for in vivo NRP-2-targeted tumor imaging.
131 I-anti-NRP-2 mAb was also evaluated as a specific targeted radiotracer in A549 xenograft-bearing mouse models. The biodistribution data showed that 131 I-anti-NRP-2 mAb had a high tumor uptake, retention, and tumor to contralateral muscle ratio (T/NT) (Figs. 8 and 9 ). In addition, SPECT showed that the radioactive accumu lation in the tumor site became visible from 6 h post-injection, and increased continually. Evaluation of the probe in mice demonstrated that 131 I-anti-NRP-2 mAb is a promising agent for NRP-2 imaging.
In this study, the liver, lung, spleen, blood and kidney showed high uptake at 6 h after administration.
131
I-anti-NRP-2 mAb was enriched more in the lung, liver and kidney, because of the moderate natural expression of NRP-1 in the lung and liver (37) and mAb metabolism through the liver and kidney. The high level of 131 I-anti-NRP-2 mAb in the blood and spleen is also possibly due to long circulating mAbs. Whereas, at 48 and 72 h after injection of 131 I-anti-NRP-2 mAb, with 131 I-anti-NRP-2 mAb clearance from blood, the level of the tumor uptake still remained higher than that in the other organs including the liver and blood. A moderate expression of the target in normal organ may appreciable influence the imaging results, especially when the target level in the tumor is low. After optimization of spiking doses to saturate the target expression in normal organ, increased tumor-normal ratio could be achieved (28, 29) . In the study, the in vivo NRP-2 binding specificity of 131 I-anti-NRP-2 mAb was also verified. When 100 µg of unlabeled anti-NRP-2 mAb was co-injected, uptakes in NRP-2 expression organs/tissues, such as the tumor, lung, and liver, were obviously reduced (Fig. 10B) .
However, the characteristics of 131 I-monoclonal antibody, low tumor accumulation, slow clearance from the circulation, and high energy iodine-131, may hamper its clinical applications. We have currently undertaken studies to improve these parameters. For example, the antibody fragments or anti-NRP-2 Affibody molecules and the way of labeling with low energy 99m Tc or 111 In could increase rapidly NRP-2-positive tumor targeting ability and gain high imaging contrast within a short period after injection.
Imaging of NRP-2 expression in vivo may be not only be of value for treatment optimization of cancer patients, but also useful for identifying the sensitivity to chemotherapy in the patients with pancreatic cancer, bladder cancer, prostate cancer and lung cancer, that are resistant to chemotherapy, radio-chemotherapy, or radiotherapy through this mechanism, because NRP-2 overexpression increases VEGF-C/NRP-2 axis and β-catenin-dependent signaling. VEGF-C/NRP-2 axis induces autophagy to cancer cells from chemotherapeutic stress, and is also important to maintain an anti-apoptotic program in cancer cells during oxidative stress (21, 32) . Samuel et al (14) reported that knockdown of NRP-2 by an anti-NRP-2 antibody sensitized gastrointestinal cancer cells in 5-fluorouracil (5-FU) toxicity via β-catenin-dependent signaling. Thus, further research for imaging of NRP-2 expression has high clinical translational ability and will likely find broad application in patient therapy and management for targeting the expression of NRP-2 and cross-talk between Wnt/β-catenin and NRP-2 signaling.
In conclusion, an anti-NRP-2 monoclonal antibody was easily and successfully radiolabeled with iodine-131. The in vitro and in vivo study showed the potential of 131 I-anti-NRP-2 mAb as a promising SPECT probe for imaging NRP-2-positive tumors and encouraged further investigation. Nevertheless, since anti-NRP-2 mAb has a large molecular weight and an immunoge nicity that may hinder its application in the clinic, it remains a great challenge to explore a novel small fragment of mAbs or Affibody molecules to improve imaging of NRP-2-expression.
